
IC 
8 
1 
I 

SPACE RESEARCH COORD INATION CENTER 

(ACCESSION NUMBER) (THRU) 

(CODE) / 

LOW ENERGY ELECTRON-ATOM AND 
ELECTRON-MOLECULE 

SCATTERING THEORY CIRCA 1964 

BY 

E. GERJUOY 

DEPARTMENT OF PHYSICS 

GPO PRICE $ 

OTS PRICE(S) $ 

SRCC REPORT NO. 3 

Microfiche (MF) 5 

UNIVERSITY OF PITTSBURGH 
PITTSBURGH, PENNSYLVANIA 

10 MAY 1965 

https://ntrs.nasa.gov/search.jsp?R=19650015404 2018-07-24T00:16:00+00:00Z



, 

, 

The Space Research Coordination Center, established in May, 1963, coordinates 
space-oriented research in the various schools, divisions and centers of the University of 
Pittsburgh. Members of the various faculties of the University may affiliate with the 
Center by accepting appointments as Staff Members. Some, but by no means al l ,  Staff 
Members carry out their researches in the Space Research Coordination Center building. 
The Center’s policies are determined by an SRCC Faculty Council. 

The Center provides partial support for space -oriented research, particularly for 
new faculty members; it  awards annually a number of postdoctoral fellowships and NASA 
predoctoral traineeships; i t  issues p e r i o d i c reports of space -oriented research and a 
comprehensive annual report. In concert with the University’s Knowledge Availability 
Systems Center i t  seeks to assist in  the orderly transfer of new space-generated knowl- 
edge into industrial application. 

T h e  Center is  supported by a Research Grant (NsG-416) from the National Aero- 
nautics and space Administration, s t r o n g 1 y supplemented by grants from The  A .  W. 
Mellon Educational and Charitable Trust, the Maurice Falk Medical  Fund, the Richard 
King Mellon Foundation and the Sarah MelloneScaife Foundation. Much of the work 
described in SRCC reports i s  financed by o t h e r  grants, made to i n  d i v i  d u a 1 faculty 
members. 



LOW ENERGY ELECTRON-ATOM AND ELECTRON-MOLECULE SCATTERING THEORY CIRCA 1964 

i 

E. Gerjuoy 

Based on a t a l k  of t h e  same t i t l e  given at t h e  New York meeting of t h e  American 

Physical Society,  January, 1965, and submitted t o  Physics Today, 

I 
I 
I 
I 
I 
I 
I 



1 

LOW ENERGY ELECTRON-ATOM AND ELECTRON-MOLECULE SCATTERING THEORY CIRCA 1964 

E, Gerjuoy 

L e t  me begin with the  remark t h a t ,  t o  avoid cont inual  r e i t e r a t i o n  

of an awkward phrase,  I s h a l l  simply say "e lec t ron  sca t t e r ing"  where it 

i s  obvious t h a t  I am r e fe r r ing  t o  electron-atom and/or electron-molecule 

c o l l i s i o n s ,  which c o l l i s i o n s  may be e l a s t i c  o r  i n e l a s t i c ,  Progress i n  

e l ec t ron  s c a t t e r i n g  theory has  been reviewed on numerous occasions i n  

recent  yea r s ,  by var ious authorsa' Thus, t h e r e  i s  not much poin t  i n  t ry -  

i ng  t o  re-review i n  d e t a i l  here t h e  whole subjec t  of e l e c t r o n  s c a t t e r i n g ,  

e spec ia l ly  s ince  I couldnot  possibly do it within t h e  pages of t h i s  e n t i r e  

i s s u e  of Pnysics Today, 

t c p i c s  wherein what has  been happening within t h e  pas t  two years  o r  s o  

seems importanto 

ings  suggest modifications of apparent ly  e s t ab l i shed  po in t s  of viewa 

with t h i s  very severe r e s t r i c t i o n  on t h e  sub jec t s  I in tend  t o  d iscuss ,  I 

r e a l l y  canOt do j u s t i c e  t o  the  ava i l ab le  material i n  an a r t i c l e  of t h i s  

Instead, I l a rge ly  s h a l l  confine my a t t e n t i o n  t o  

By important, I mean that- to  me at least- these happen- 

Even 

length,  A reasonable idea  of t h e  f eve r i sh  present  a c t i v i t y  i n  t h e  f i e l d  of 

e l ec t ron  s c a t t e r i n s ,  as wel l  as a not ion of t h e  breadth of t o p i c s  f a l l i n g  

under t h i s  general  subgect heading, can be obtained from thumbing through 

t h e  Proceedings of t h e  Third In t e rna t iona l  Conference on t h e  Physics of 

Elec t ronic  and Atomic Coll is ions,  1 
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I " Y 

/This a r t i c l e  is  concerned only wi th  non- re l a t iv i s t i c  energ ies  i , e a  , i -.. - 
with inc ident  e l ec t ron  v e l o c i t i e s  v <a c = ve loc i ty  of l i g h t ,  A t  such 

energ ies ,  except possibly f o r  small r e l a t i v i s t i c  and f i e l d  t h e o r e t i c  e f f e c t s ,  

t h e  equations governing e l ec t ron  s c a t t e r i n g  processes  are completely known, 

I n  o the r  words, f o r  the purposes of t h i s  paper one can ca t egor i ca l ly  assert 

t h a t  computing e l ec t ron  s c a t t e r i n g  c ross  sec t ions  no longer  involves any 

quest ions of fundamental physical  p r inc ip l e ,  Commonly, the  cross  sec t ion  

is expressed as the  square of a matrix element involving the  so lu t ion  Y t o  

Schro3ingers s equation 

from R v a r i e t y  of expressions,  a l l  equal ly  co r rec t ,  The mat r ix  element form, 

although ac tua l ly  t h e  c ros s  sec t ion  can be computed 

however, makes e x p l i c i t  t h e  f a c t  t h a t  exact  knowledge of t h e  cross  sec t ion  

f o r  any reac t ion  Renerally cannot be expected un le s s  t h e r e  is  exact  knowl- 

edge of t h e  so lu t ion  Y i t se l f ,  Unfortunately, i n  no a c t u a l  e l ec t ron  s c a t t e r -  

i n g  problem, even the  s implest  (namely, t h e  s c a t t e r i n g  of e l ec t rons  by atomic 

hydrogen 1 i s  Schrodfnger 's  equation so lvable  without approximation, The 

t h e o r e t i c a l  u n c e r t a i n t i e s  stem sole ly  from these  (as y e t )  unavoidable approx- 

imations 

Usually one writes 

Y = + + O  

where @ i s  t h e  so-called incoming wave, and 4 is t h e  "outgoing" s c a t t e r e d ,  

wave,  AS w i l l  be discussed i n  more detai l  below, t h e  main u n c e r t a i n t i e s  i n  

0 _- _ _  -. -- - 

A i  

t h e  t h e o r e t i c a l - c r o s s  sec t ions  a r i s e  from l ack  of knowledge concerning the 

behavior of O ,~Compara t ive ly ,  JI can be regarded as "known" and o r d i n a r i l y  
1- 

is  so regarded, Nevertheless,  often J, t oo  is q u i t e  uncer ta in ,  I n  t h e  sca t -  

t e r i n g  of e l ec t rons  by spec ies  X, i o e D p  i n  e - X  

always is a produet of two f ac to r s ,  One f a e t v r  represents  the known r e l a t i v e  

motion of e and X f o r  zero e-$ i n t e r a c t i o n ,  S p e c i f i c a l l y ,  t h i s  f a c t o r  

s c a t t e r i n g ,  t h e  function VJ 
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represents :  

t e r i n g  when X c a r r i e s  a n e t  charge ( i n  which event 4 denotes t h e  e x t r a  

constant v e l o c i t i e s  ve, vx when X i s  n e u t r a l ;  Coulomb sca t -  

s c a t t e r i n g  ascribable to t h e  f a c t  t h a t  X is no t  simply a point  charge 1 , 

The second f a c t o r  i n  $ - s  the wave func t ion  descr ibing t h t  i n i t i a l  s tate 

of X ,  when e and X are at i n f i n i t e  separa t ion ,  This wave funct ion is  

express ib le  without approximation i n  useable  ana ly t i c  form only when X 

denotes a one-electron atomic system, e, g a p  H o r  H e  , + 

With modern computing techniques,  however, qu i t e  accurate  ( f o r  t h e  

purpose of approximating $1 numerical representa t ions  of t h e  i n i t i a l  state 

of X can be obtained for the  ground states and low-lying exc i t ed  states of 

e s s e n t i a l l y  a l l  atomic spec ies  including t h e i r  p o s i t i v e  ions ;* moreover e 

i n  many cases  these numerical so lu t ions  are very w e l l  approximated by sur- 

p r i s i n g l y  uncomplicated func t ionsO3 For negat ive atomic ions ,  e o g o  # O', it 

is more d i f f i c u l t  t o  ob ta in  good wave func t ions ,  because e l ec t ron  at tach-  

ment energies t o  n e u t r a l  atoms tend t o  be much smaller than t h e  ion iza t ion  

energ ies  of n e u t r a l  atoms or of pos i t i ve  ions ,  With negative ions ,  there- 

f o r e  wave funct ion ca lcu la t ions  requi re  g rea t e r  numerical p rec is ion;  a t  

t h e  same t h e  they  are more complicated, because a weakly bound e l e c t r o n i c  

wave fbnction t ends  t o  be more spread out than when t h e  e l ec t ron  i s  t i g h t l y  

bound, 
./' 
i Computation of molecular wave funct ions ( n e u t r a l  o r  i o n i c )  i s  more dif-  

f i c u l t  s t i l l ,  

f irst  f e w  rows of t h e  per iodic  t ab l e ) ,  it appears poss ib le4  t o  obta in  rea- 

For diatomic molecules X comprised of l i g h t  atoms ( i n  the  
... 

sonably accurate  numerical representat ions of low-lying bound s t a t e  wave 

func t ions  by d i r e c t  so lu t ion  of" the  Schrodinger equation describing t h e  elec- 

t r o n s  and atomic nuc le i  comprising X; the  same asse r t ion  m a y  even be t r u e  

for l i n e a r  molecules composed of three o r  four  l i g h t  atoms, With increas ing  
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molecular weight and complexity , h ever e spec ia l ly  f o r  non-linear mole- 

cu les ,  accurate  computation of wave funct ions rap id ly  becomes less feasible. 

Thus i n  s c a t t e r i n g  of e l ec t rons  by CC14, f o r  example, JI i n  Eq. (1) is known 

only very approximately, 

l ack  of i n t e r e s t ,  non-avai labi l i ty  of machine t i m e ,  e tc , - - i t  i s  by no means 

true t h a t  every wave M c t i o n  which can be prac t icably  computed us ing  present- 

l y  ava i l ab le  techniques ac tua l ly  has been computed, 

Note t h a t  f o r  var ious  obvious reasons-expense , 

5 
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FIRST ORDER APPROXIMATIONS 

With these  in t roductory  remarks out  of  t h e  w a y ,  I now expla in  t h a t  

t h i s  paper concentrates  on work at low ene rg ie s ,  because i n  my opinion 

t h i s  i s  t h e  energy range where the  important 

e l ec t ron  s c a t t e r i n g  from a t o m  and molecules 

term "low energies"  i s n ' t  very well  def ined,  

mean less than a f e w  hundred v o l t s ,  with the 

recent  t h e o r e t i c a l  work on 

has  been concentrated,  The 
._ 

bu t  i n  p rac t i ce  it seems t o  

main i n t e r e s t  at energ ies  

less than a f e w  t e n s  of v o l t s o  

means anywhere from a f e w  hundred t o  a f e w  hundred thousand e l e c t r o n  v o l t s .  

A t  very high energ ies ,  > 0,2 M e V ,  inc ident  e l ec t ron  v e l o c i t i e s  are suf- 

f i c i e n t l y  c lose  t o  3 x 10'' cm/sec t h a t  r e l a t i v i s t i c  e f f e c t s  can be important,  

On t h e  subjec t  of t h e s e  very high energy e f f e c t s  t h e r e  is in t ens ive  cur ren t  

research ,  of course,  "because t h i s  sub jec t  (un l ike  non- re l a t iv i s t i c  c o l l i s -  

i o n s )  does involve numerous as ye t  u n s e t t l e d  quest ions of fundamental pr in-  

c i p l e ,  I n  s c a t t e r i n g  experiments, however, t h e s e  s t i l l  arcane e f f e c t s  show 

up mainly i n  those  c o l l i s i o n s  wherein t h e  inc ident  e l ec t ron  comes very c lose  

t o  (wi th in  

i n g  t h e  t a r g e t  atom o r  moleculeo Thus, t h e  d e t a i l e d  many-electron aspec ts  

of t h e  t a r g e t ' s  i n i t i a l  state general ly  are inconsequent ia l  t o  s c a t t e r i n g  

experiments probing t h e s e  very high energy e f f e c t s ,  Correspondingly, i nves t i -  

"High energies"  i n  t h e  sense o f  t h i s  paper 

cm) a s i n g l e  one of t h e  e l ec t rons  o r  atomic nuc le i  compris- 

ga t ions  of" such e f f e c t s  usuai ly  are not  re9;arded as belonging t o  t h e  f i e l d  

of e l ec t ron  s c a t t e r i n g  by atoms and molecules, 

Returning t o  t n e  asser t ion  with which I began t h e  preceding paragraph, 

t h i s  present  concentrat ion of  e l ec t ron  s c a t t e r i n g  theory  on low energ ies  stems 

from a twofold s t imulus,  I n  t h e  first p l ace ,  t he  major areas where research- 

ers p resen t ly  are making quan t i t a t ive  app l i ca t ions  of d e t a i l e d  c ross  sec t ion  

information-for ins tance  laboratory discharges t h e  ionosphere , stellar 
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atmospheres, o r  nuc lear  b las t  phenomena--typically involve energ ies  less 

than a f e w  hundred electron-vol ts ,  In  f a c t ,  f o r  p r a c t i c a l  appl ica t ions ,  

one r a re ly  needs t o  know cross  sect ions above a f e w  t e n s  of v o l t s ,  and 

usua l ly  one needs accura te  c ross  sec t ions  only at energies up t o  a v o l t ,  

corresponding t o  a temperature of' 12000°K0 

"he second s t imulus f o r  c o n e e n t r e t h g  on low energies  is  purely the- 

o r e t i c a l ,  For some t i m e  a major ob jec t ive  of the theory has been t o  make 

bet ter  estimates of e l ec t ron  co l l i s ion  c ross  sec t ions  than can be obtained 

from Born  approximation and r e l a t ed  1"irst order  approximations, which by now 

are p r e t t y  much o l d  ha t ,  

o r  simply by "Born approxfmation" , one usua l ly  means the  approximation which- 

By "first o r  by " f i r s t  Born approximation", 

i n  matrix elements expressing the c ross  section--replaces t he  exact so lu t ion  

I by i t s  incomihg p a r t  $,, The term "related" above ind ica t e s  t h a t  I a m  in-  

-1uding under t h e  heading "first order" those  approximations wherein the  

t o t a l  so lu t ion  Y ana its incoming p a r t  JI are symmetrized more o r  l e s s  i n  
' I  

accordance w i t h  t he  requirements of t h e  exclusion p r i n c i p l e ,  i o e o O  i n  accord- 

ance w i t h  t h e  pos tu la ted  ind i s t ingu i shab i l i t y  of t he  inc ident  and target 

e l e c t r o n s o  

of  t hese  first order  approximations t y p i c a l l y  f a i l  when t h e  energy decreases 

In e l ec t ron  s c a t t e r i n g ,  t h e  usual rough c r i t e r i a  f o r  t h e  v a l i d i t y  

below j u s t  about a f e w  hundred v o l t s a  These rough c r i t e r i a  are, as i s  w e l l  

known, t h a t  t h e  inc ident  bombarding e lec t ron  ve ioc i ty  should be l a r g e  com- 

pared t o  t h e  v e l o c i t i e s  of t h e  bound e l ec t rons  i n  t he  target  system, o r  (very 

roughly equiva len t ly)  tha t  t h e  inc ident  k i n e t i c  energy should be large com- 

pared t o  t h e  i n t e r a c t i o n  energyo 

The claims of t h e  previous paragraph,, though b a s i c a l l y  c o r r e c t ,  are 'coo 

broad not t o  have exceptions and counterexampizs, 

though I said Born approximation is not expected t o  be good at low energ ies ,  

L e t  m e  mention a f e w ,  Al- 



and by now is  p r e t t y  much old hat anyway, never the less  new papers containing 

first order  ca l cu la t ions  of h i t h e r t o  uncomputed e l ec t ron  c o l l i s i o n  c ross  

sec t ions  continue t o  appear,  w i t h  the r e s u l t s  t y p i c a l l y  p l o t t e d  a l l  the  way 

down t o  th re sho ld  energ ies ,  The reason f o r  t hese  papers i s  q u i t e  obvious, 

A s  t he  bee seeks the honey, so do t h e o r e t i c a l  p h y s i c i s t s  seek c ross  sec t ions  

not  y e t  computed i n  Born approximation, because Born approximation usua l ly  

is comparatively easy t o  ca l cu la t e ,  whereas anything better is  usua l ly  much 

harder, O f  course,  f o r  c o l l i s i o n s  with atoms t h e  r eac t ions  s tud ied  i n  these  

nresent  papers t end  t o  involve highly exc i t ed  i n i t i a l  states of the  t a r g e t  

system, o r  t o  have some o t h e r  unusual f e a t u r e ,  because a l l  t he  r eac t ions  one 

would normally th ink  of f i rs t -and second and third-by now a l ready  have been 

done 

For c o l l i s i o n s  inducing e l e c t r o n i c a l l y  exc i t ed  molecular states , even 

the Born matr ix  elements are d i f f i c u l t  t o  eva lua te  accura te ly ,  s o  t h a t  Born 

es t imates  of electron-molecule c o l l i s i o n s  are not  y e t  everywhere dense i n  

t h e  past l i t e r a t u r e ,  Correspondingly a ca re fu l  Born approximation calcu- 

l a t i o n  of e l e c t r o n i c  exc i t a t ion  i n  the s implest  molecular case ,  namely elec-  

t r o n s  inc ident  on H2+, has only r ecen t ly  been givenO6 It t u r n s  out  t ha t  

us ing  the  exac t ly  known H2 

and then averaging over t h e  v i b r a t i o n a l  wave func t ions ,  involves  a fa i r  amount 

of  numerical i n t eg ra t ion ,  

My comment t h a t  first order ca l cu la t ions  by now are p r e t t y  much o ld  h a t  

* wave func t ions  f o r  f ixed  in t e rnuc lea r  separa t ion  

a l s o  must be evaluated i n  t he  l i g h t  of a recent  paper by Ochkur,' 

years  it has been remarked t h a t  t h e  so-called Born-Oppenheimer approximation, 

i n  which t h e  exchange amplitude i s  est imated i n  first zrder v 0 -  penerally - gave 

worse r e s u l t s  f o r  low energy e l ec t ron  s c a t t e r i n g  than  i f  one simply ignored 

exchange, 

For many 

( T h i s  Born-Oppenheimer approximation is  no t  t o  be confused w i t h  



%he Born-Cspenheimer approximation for calculating moleculer wave func- 

tionso 1 

i n d i s t i n g u i s h a b i l i t y  should y i e l d  worse r e s u l t s  than ignoring ind i s t ingu i sh -  

a b i l i t y ,  although of ~ o u r s e  one could argue that  such r e s u l t s  L m p i y  i nd i -  

ca ted  how bad first order approxlma'tions r e a l l y  were at l o w  e7 =rgies, 

i d e a  Bs as f " O ~ l O W 5 ,  A l l  really I S  m t i t l e U  'Lo claim about f h . ~  first o r a e r  

approximation is that it. i s  v a l i d  a+, hfqh anerffi.es, Now there aro s e v e r a l  

d i r f e r e n t  tern;; i n  t h e  Born-Oppenhe3mer exchange i n t e g r a l ,  ar.5 these nave di f -  

f e r e n t  energy 'ependences, In  fact, some of t h e s e  terms vm*:-- so much nr3re 

It always has sse.?.rrn pt:ckLIli3r m a t  t a k m g  i n k n  ace3 

Ochkurv s 

l a t i o n ,  Thus Ochkur sugaests t h a t  at low energ ies  one should c a l c u l a t e  t h e  

exchange inc luding  o c l y t h o s e  terms whieh are dominant at high energ ies ,  F i g O  

1 show8 the  results of h i s  f f p s t  o rder  e a l s u l a t i o n s  fo r  exc i ta%ion of t he  2 S, 

l e v e l  i n  H e l i u m ,  

3 
J. 

In t h i s  case one has t o  use the Born-Gypenheimer approxi- 

mation, because i n  first order  a s i n g l e t  t o  t r i p l e t  t r a n s i t i o n  can only go 

by e l ec t ron  exchange; i n  o the r  words, if" exchange were neglected t h e  first 

order cross section would be zeroo Curve 1 is Ochkur; curve 2 i s  experi-  

ment;, curve 3 is t h e  Born-Oppenheimer r e s u l t  reduced by a fac to r  of only 20,  
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HIGHER APPROXIMATIONS 

O f  course,  u sua l ly  t h e  first order  ca l cu la t ions  below a few hundred 

v o l t s  a r en ' t  as good 8s those  shown i n  Fig, 1, 

t h a t  w e  do requi re  better than  first order  es t imates ,  

how do we get  them? The most obvious means is v i a  t h e  so-called B o r n  ser- 

ies ,  wherein t h e  exact  s c a t t e r i n g  amplitude i s  expanded i n  powers of t h e  

i n t e r a c t i o n ,  This s e r i e s  can be regarded as a sum over a l l  poss ib l e  ex- 

changes of momentum and energy between t h e  t a r g e t  system and t h e  inc ident  

o r  outgoing e l e c t r o n s ,  

s e r i e s  equals  t h e  power of the  i n t e r a c t i o n  i n  t h a t  term,, The f i r s t  o rder  

approximations I have been discussing r e t a i n  only those  terms i n  t h e  Born 

s e r i e s  which are l i n e a r  i n  t h e  in t e rac t ion ,  

quadra t ic  i n  t h e  i n t e r a c t i o n  y i e lds  t h e  so-cal led second Born and r e l a t e d  

approximations and s i m i l a r l y  f o r  h igher  powers, 

L e t  us g ran t ,  t h e r e f o r e ,  

The quest ion i s ,  

The number of such exchanges f o r  any t e r m  i n  t h e  

Including t h e  terms which are 

As always, I use the  word 

r e l a t ed% mean t h a t  exclusion p r i n c i p l e  requirements a r e  nore o r  l e s s  11 

being taken i n t o  accounto 

Now even i n  'the case of electron-hydrogen s c a t t e r i n g  it is  not prac- 

t i c a l  t o  t a k e  i n t o  account a l l  t h e  second order  terms i n  t h e  Born s e r i e s ,  

The s implest  second order  approximation i s  t o  ignore a l l  second order  t e r n s  

corresponding t o  e x c i t a t i o n  of t h e  atom during t h e  c o l l i s i o n ;  i n  o the r  words 

during t h e  c o l l i s i o n  t h e  atom is supposed t o  remain always i n  i t s  ground 

s t a t e ,  Then, f o r  e-H e l a s t i c  s c a t t e r i n g ,  t he  inc ideht  and outgoing elec-  

t r o n  can 5e thought t o  move i n  t h e  e f f e c t i v e  f i e l d  of atomic hydrogen i n  i t s  

grc;;:::A st&.tey tht. f s  t o  say i n  t h e  Coulomb f i e l d s  of t h e  proton and bound 

e l e c t r o n ,  averaged over t he  ground Ps wave funct ion,  I f  e l ec t ron  exchange 

can be ignored,  t h e r e f o r e ,  the  Troblem has been reduced i n  essence t o  poten- 

t i a l  s c a t t e r i n g ;  t h i s  second order  approximation i s  taking i n t o  account two 
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successive e l a s t i c  s c a t t e r i n g s  of t h e  e l ec t ron  by t h e  t a r g e t ' s  e f f e c t i v e  

f i e l d o  

91 In  e l ec t ron  s c a t t e r i n g  theory second Born approximation" usua l ly  

des igna tes  t h e  e f f e c t i v e l y  p o t e n t i a l  scat ' ter ing approximation I ' v e  gust 

descr ibed,  which a l s o  is p r e t t y  much o ld  h a t  by nowo 

ca l cu la t ions  s t i l l  appear in t h e  Lftersture--nothing eve r  seems t o  dis-  

Appear from t h e  l i t e ra ture- -but  usua l ly  second Born approximation i s  com- 

puted only f o r  comparison w i t h  other  approximations, not  because it  i s  

taken ser fous ly ,  One good reason f o r  not t ak ing  such second Born calcu- 

l a t i o n s  se r ious ly  at l o w  energies  is tha t  once we've decided a s i n g l e  

s c a t t e r i n g  w i l l  not  descr ibe  the  c a l l i s i o n ,  why should w e  be content w i t h  

no more than two s c a t t e r i n g s ?  A rough c r i t e r i o n  f o r  what is meant by a 

scatterirug 1s a momentum transfer comparable w i t h  the i n i t f a i  momentum, 

A s  Its energy decreases t h e  incident  e l ec t ron  spends more t i m e  i n  t h e  

v i c i n i t y  of" t h e  tar~et, and su f fe r s  eorrespondingiy more s c a t t e r i n g s ,  In  

Pact ,  f o r  Coulomb type fo rces  it i s  t r i v i a l  t o  see t h a t  t h e  c r i t e r i o n  "momen- 

tum t r a n s r e r  i n  t h e  v i c i n i t y  of t h e  t a r g e t  must be small compared t o  t h e  

inc iden t  momentums1 is equivalent t o  " in t e rac t ion  energy must be s m a l l  com- 

pared to the  inc ident  energyo" 

Natura l ly ,  such 

This las t  argument suggests t h a t  at  low energ ies  one must sum over a l l  

poss ib l e  numbers of' s c a t t e r i n g s o  In  o the r  words, r e tu rn ing  once more t o  the 

e l a s t i c  s c a t t e r i n g  of e l ec t rons  by a t o d e  hydrogen, and g ran t ing  t h a t  t n e  

i n t e r a c t i o n  can be represented by the ground state atomic hydrogen e f f e c t i v e  

rield, a t  low energ ies  the  s c a t t e r i n g  i n  t h i s  p o t e n t i a l  has  t o  be computed 

exac t ly ,  Note t h a t  e l ec t ron  exchange s t i l l  is being neglec tedo  

Cs lcu la t ions  of t h e  type  Iyve j u s t  descr ibed o f t en  are termed the  dis- 

t o r t e d  wave approximation, Even if' e l ec t ron  exchange r e a l l y  can be neglected 
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however, it is  c l e a r  t h a t  t h e s e  ca lcu la t ions  s t i l l  are not very sens ib l e  

at low energ ies ,  because on t h e  one hand w e  have been assuming e x c i t a t i o n  

of t h e  t a r g e t  does not occur during t h e  c o l l i s i o n ,  while on t h e  o the r  

hand w e  have recognized t h a t  t he re  can be l a rge  energy t r a n s f e r s  between 

t h e  inc ident  and t a r g e t  e lec t rons ,  “he next improvement, t h e r e f o r e ,  i s  

t o  t r y  t o  t a k e  account of t h i s  exc i t a t ion ,  which modifies t h e  e f f e c t i v e  

f i e l d  i n  which t h e  inc ident  e l ec t ron  moveso 

t i o n  r e s u l t s  i n  t h e  well-known po la r i za t ion  p o t e n t i a l ,  which f o r  a spher- 

A t  long range t h i s  exc i ta -  

i c a l l y  symmetric ground state of an e l e c t r i c a l l y  n e u t r a l  t a r g e t  is itself 

sphe r i ca l ly  symmetrical and proport ional  t o  t h e  inverse  fou r th  power of 

t h e  d is tance ,  For non-spherically symmetric s c a t t e r e r s ,  t h e  po la r i za t ion  

p o t e n t i a l  i s  more complicated i n  forma The func t iona l  form of the  polar- 

i z a t i o n  p o t e n t i a l  at  long range always is w e l l  known, however, and of ten  

t h e  magnitude of t h e  p o l a r i z a b i l i t y  has  been d i r e c t l y  measureds But t h e r e  

i s  t h e  d i f f i c u l t y  t h a t  the  asymptotic behavior of the  p o t e n t i a l  at long range 

does not represent  t h e  cor rec t  i n t e rac t ion  c lose  t o  t h e  t a r g e t ,  I n  f a c t ,  

genera l ly  t h e  asymptotic forms must be somewhat a r b i t r a r i l y  cu t  o f f  t o  avoid 

divergences at the o r ig in ,  

Dis tor ted  wave ca l cu la t ions  using po la r i za t ion  p o t e n t i a l s  are q u i t e  popu- 
\.-- ~ -. 

l a r  these  days, i n  electron-molecule as w e l l  as electron-atom col l i s ’ms  For 

electron-atom c o l l i s i o n s ,  it i s  becoming customary t o  employ po la r i za t ion  po- 

t e n t i a l s  which have a t h e o r e t i c a l  basis at  a l l  d i s tances ,  not merely at long 

ranges,  thereby avoiding t h e  necess i ty  f o r  a r b i t r a r y  cu tof fs .  A f a v o r i t e  and 

reasonable way of es t imat ing such a p o t e n t i a l  f o r  low energy ca l cu la t ions  is 

t h e  so-cal led ad iaba t ic  method, In t h i s  method, one assumes i n  e f f e c t  tnat-- 

f o r  each pos i t ion  of t h e  incident  electron-the bound e l ec t ron  eigenfunct ions 
------cI--- --I 

can be computed as i f  t h e  incident  e l ec t ron  were at r e s t ,  Thus, t h e  electron-  
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atom p o t e n t i a l  obtained by the ad iaba t ic  method i s  analagous t o  t h e  com- 

monly employed atom-atom po ten t i a l s  , which a t  each in t e rnuc lea r  separa t ion  

are computed as if t h e  nuc le i  were at rest, I n  t h i s  approximation one can 

take i n t o  account e l ec t ron  exchange between t h e  inc ident  and bound e l ec t rons ,  

as e spec ia l ly  Temkin9 has shown, although of course including exchange com- 

p l i c a t e s  t h e  ca lcu la t ions ,  

Approximations of th is  type have been employed, f o r  example, t o  compute 

t h e  e l a s t i c  c ross  sec t ion  f o r  electron-Cs s c a t t e r i n g ,  which has exc i t ed  much 

t h e o r e t i c a l  i n t e r e s t  i n  recent  years,  It is noteworthy t h a t  although there 

have been at least four  d i f f e ren t  ca l cu la t ions  of t he  e f f e c t i v e  electron-Cs 

p o t e n t i a l  s ince  1961, none of them car ry  out  t h e  complete ad iaba t i c  procedure 

I have described, because even with t h e  v a s t  s impl i f i ca t ion  afforded by the  

ad iaba t i c  approximation the problem s t i l l  is  very complicated, 

For e l ec t ron  s c a t t e r i n g ,  t h e  ad iaba t i c  method is only J u s t i f i a b l e  at c 
e s s e n t i a l l y  zero inc ident  energy , l i f  it is j u s t i f i a b l e  a t  a l l ,  

must be considered f i n i t e ,  and if  e l ec t ron  exchange cannot be neglected at 

If t h e  energy 
.- -1 

low energies-as it usual ly  cannot--the ca l cu la t ions  become considerably more 

complicated than those  I have already described, Trying t o  do such calcula-  

tions properly--and including more intermediate  states than merely the  ground 

s ta te-- inevi tably leads t o  t h e  ho r r ib ly  coupled integro-different  i a l  equations 

of t h e  so-called c lose  coupling approximation, 

imation, t he  t o t a l  wave function i s  pro jec ted  essent ia l ly  exac t ly  onto some 

I n  the  c lose  coupling approx- 

chosen set of eigenfunctions of t h e  t a r g e t  system, f o r  ins tance  onto the  ls, 

2s, and 2p atomic hydrogen functions i n  t h e  case of electron-hydrogen s c a t t e r -  

i n g *  

With t h e  inc lus ion  of enough intermediate  s t a t e s ,  the  close-coupling ap- 

proximation begins  t o  resemble an exact  rather than  an approximate treatment 
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I '  so t h a t  i n  t h i s  approximation it is perhaps f i n a l l y  reasonable t o  a n t i c i -  

pa te  r e l i a b l e  t h e o r e t i c a l  c ross  sec t ions ,  

forward but  very arduous c lose  coupling approximation is not t h e  only poss ib le  

approach t o  good low energy ca lcu la t ions ,  

most successfu l  a l t e r n a t i v e  approaches have been v a r i a t i o n a l  calculations-- 

e spec ia l ly  along l i n e s  developed by Sppuch and collaborators"--and an ingenious 

a l t e r n a t i v e  expansion introduced by Temkfn , which he c a l l s  t h e  nonadiabatic 

method, However these a l t e r n a t i v e  approaches a l s o  involve arduous calcula-  

Of coursep this r e l a t i v e l y  s t r a i g h t -  

For s c a t t e r i n g  by hydrogen, the  

11 

t i o n s  

cannot expect t o  ge t  reliable t h e o r e t i c a l  cross  sec t ions  at low energ ies  w i t h -  

out a l o t  of worko Unfortunately, a c t u a l  e l ec t ron  c o l i f s i i i - a ,  involving many 

successive i n t e r a c t i o n s  w i t h  the  t a r g e t ,  cannot be solved in closed form, as 

w e  can solve say low energy s c a t t e r i n g  i n  a Coulomb f i e l d ,  Once it is neces- 

and indeed it should be obvious from what I 've  been saying t h a t  one 

s a r y  t o  make numerical computations s t a r t i n g  from some reasonably mathematically 

t r a c t a b l e  funct ion of tne p a r t i c l e  coordinates t h e  f a c t  t h a t  many s c a t t e r i n g s  

occur implies t h e  a c t u a l  wave functions are almost ce r t a in  t o  be very much 

more complicated than  our s t a r t i n g  func t ions ,  which i n  turn almost su re ly  i m -  

p l i e s  arduous ca l cu la t ions  a r e  needed t o  get t o  t h e  exact so lu t ion ,  

This b ~ r f n ~ ; ~  m e  t o  t h e  subject  of rosonLancesc Resonances a re  a compara- 
___I_--"--- -.fi L, *_ 

-Lively novel a d d i t i o n  t , ~  the v o ~ & u l a r y  of e l ec t ron  s c a t t e r i n g ,  Although i n  

nuelcar  r eac t ions  t h e  exis tence of' resonances has been wel l  established s ince  

the middle 3OPs,  the suggestion t h a t  resonances could play an fmportant r o l e  

in e lec t ron  c c l l i s i o n s  seems t o  have been adwmeed serious1.y no e a r l i e r  than 

1957,12 7incme then 3 variety of experiments by many e x p e r i m e n t e r ~ l ~  .lave demon- 

strated t h e  existence of resonances i n  numerous electron-atom and electron-  

rnole.?ule ec ' i i is isns  as we1.P as i n  photoabsorption pr~eesses~ On t h e  theoreti- 

c a l  5Pde3 the mnin csntrfbution k6.s been by Fmo, who has show, q d m t i t a t i v e l y  
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how msonmees  a re  connected w i t h  the ex is tence  and p rope r t i e s  of auto- 

ion iz ing  states, and who has  gone on t o  i n t e r p r e t  much of the experimental  

da t a  on t h i s  b a s i s o  

O f  e sbec ia l  s ign i f i cance  t o  t h e  main theme of t h i s  t a l k  9s t h e  f a c t  

t h a t  Schulzll '  r ecen t ly  has reported f ind ing  a resonance i n  e l a s t i c  e lec t ron-  

hydrogen s c a t t e r i n g  a t  an energy about h a l f  a v o l t  below t h e  2s e x c i t a t i o n  

threshold ,  This energy i s  very c lose  t o  t h e  energy of a resonance o r i g i n a l l y  

npedf pted t h e o r e t i ~ a l l y , ~ ~  on the b a s i s  of c lose  coupling ca l cu la t ions ,  C a l -  

cu l a t ions  s ince  then by a number of t h e o r i s t s ,  us ing t h e  v a r i a t i o n a l  and non- 

ad iaba t i c  approaches have confirmed and r e f ined  Burke and Schey's p red ic t ion ,  

.otill remain quest ions concerning t h e  p rec i se  behavior of the phase 

s h i f t s  i n  the inmediate v i c i n i t y  of t h i s  resonance and of t h e  2s e x c i t a t i o n  

threshold,  However, on the whoie t h e  agreement between +he d i f f e r e n t  calcsu- 

'1 st..S.cn~iY ap.proaches is so g m d  that.--im view of Sehtnlz's recent finding-- 

m e  f o l l a w i r r q  i r npor ty~ t  rsaeelusion seems .justSEied, Ax t h f s  t i m e  the close 

of 1964, t h e  cross  sec t ion  for elastic s c a t t e r i n g  of e l e ~ t r w -  ?--? atomic hydro- 

yen--if not  already being e d c u l a t c d  essentially exact1y--will b? sc ca lcu la t ed  

in t h e  near futureo The game eonelusion holds for e l a s t i c  s c a t t e r i n g  of ePec- 

t r o z s  by he 

we soan w i l l  be ccmputfng i n e l a s t i c  excitation--& l e a s t  t o  moderstelv low- 

l y h g  states-no less accurately than e l a s t i c  s c a t t e r i n g ,  However, l a r g e l y  

bece;lse of compLications induced by t h e  Coulomb long range force when two 

e l ec t rons  can go t o  i n f i n i t y  i n  t h e  presence of' a pos i t i ve ly  charged nucleus,  

accurate t h e o r e t i c a l  predictions of H m d  H e  i on iza t ion  cross sec t ions  seem 

fa rmer  sway, 

* Recent work also suggests  t h a t  with these  on@-=lert,ron t a r g e t s  

+ 
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T h i s  concludes my sampling of important recent  progress  i n  e l ec t ron  

s c a t t e r i n g  theory,  

keep i n  mind t h a t  ca l cu la t ing  electron-hydrogen s c a t t e r i n g  is one t h i n g ,  

but  c a l c u l a t i n g  electron-Cs s c a t t e r i n g  o r  e l ec t ron  s c a t t e r i n g  by molecular 

oxygen, i s  q u i t e  m o t h e r  th ing ,  Many novel techniques f o r  c a l c u l a t i n g  c ross  

sec t ions  have been proposed, and w i l l  be proposed, and many of t h e s e  are 

indeed use fu la  But f o r  t h e  reasonably foreseeable  f u t u r e  I j u s t  donv t  be- 

l i e v e  such techniques w i l l  m a k e  it poss ib l e  t o  accura te ly  c a l c u l a t e  low 

energy cross  sec t ions  f o r  any moderately complicated t a r g e t ,  I ' m  not q u i t e  

s u r e  how complicated my moderately complicated t a r g e t s  have t o  be, but  I ' l l  

bet t h a t  atomic oxygen-let alone molecular oxygen-will be complicated 

enough, 

a f a c t o r  of t h r e e  over most of the  low-energy range, 

p lay ing  a r o m a  w i t h  var ious  plausible but not  wholly well-founded approxi- 

mations-like OchkurO s , o r  l i k e  Gryzinski 's  c l a s s i c a l  (meaning non-quantum) 

ca l cu la t ions ,  l6 

50 per cen t ,  nor  w i l l  they  r e l i a b l y  p red ic t  d e t a i l s  of t h e  c ross  se?+ton,, 

There is more t o  be s a i d ,  however, It is e s s e n t i a l  t o  

Please understand I am q u i t e  w i l l i n g  t o  be l i eve  w e  can ge t  wi th in  

Th i s  we w i l l  do by 

But I donDt  think such procedures w i l l  assuredly ge t  wi th in  

These las t  asser t ions- i f  r e a l l y  c o r r e c t ,  no t  J u s t  an expression of 

my well-known pessimism-imply t h a t  i f  we want reliablv accura te  t h e o r e t i c a l  

ca l cu la t ions  f o r  say electron-oxygen c o l l i s i o n s ,  then  f o r  a good many years  

we're going t o  have t o  r e s ign  ourselves t o  introducing s o w  a r b i t r a r y  para- 

meters which can be f i t t e d  t o  part of t h e  measured data, With t h i s  approach, 

t he  remaining data, as w e l l  as needed unmeasurable c ross  section-:, might then 

become understandable and predic tab le ,  How t o  c a r r y  out  such a program I 

c e r t a i n l y  done t  know r i g h t  now, But I do want t o  poin t  out  t h a t  t h i s  i s  

p r e c i s e l y  t h e  kind of program which r ecen t ly  has been notably successfu l  
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i n  p red ic t ing  nuclear  inelastic cross sec t ions  v i a  o p t i c a l  model cal-  

cu la t ions ,  

are not  known, making ase of o p t i c a l  p o t e n t i a l s  f i t t e d  t o  e l a s t i c  s c a t t e r i n g  

data obviously is a very reasonable t h i n g  t o  do, 

however, where t h e  fundamental forces  are exac t ly  known, introducing arbi- 

t r a r y  parameters which must be f i t t e d  t o  the da ta  seems very repugnant, I 

have t h i s  f e e l i n g  myself: t ha t  such a procedure is  a cap i tu l a t ion  of t h e  

theory,  

not  mean w e  know the  e f f e c t i v e  force  between an e lec t ron  and an atom at low 

energ ies ,  w h m e  during the  c o l l i s i o n  the e lec t ron  is  undergoing many indi-  

v idua l  ; ' - .st ic and i n e l a s t i c  s c a t t e r i n g s  with t h e  atom, and i n  addi t ion i s  

making e l ec t ron  exchanges w i t h  t he  target, 

I n  nuclear  physics,  whefe t h e  fundamental i n t e r p a r t i c l e  forces  

In  e l ec t ron  s c a t t e r i n g ,  

But l i k e  it o r  no t ,  knowing the fundamental fo rces  are Coulomb does 
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FIGURE CAPTIONS 

3 Fig, 1: Electron Exci ta t ion  of He 2 SI. 
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